ABSTRACT The diversity of nematode assemblages along a Mediterranean transect off Calvl, Corsica, Mediterranean Sea (depth range 160 to 1220 m) was very high There was no clear trend in species diversity \nth station depth, and diversity at the station located on the continental shelf was not markedly lower than that at the deep-sea stat~ons However, diversity decreased with increasing depth into the sediment As with the macrofauna, nematode assemblages in the Mediterranean are less diverse than in the Bay of Blscay The lower diversity in the Mediterranean is explained by a slight dominance of some species, while no species are dominant in the Bay of Biscay Generlc (betweengenus) diversity was much hlgher than the average species diversity within genera, ~ndicating that the high overall specles diversity was not caused by large numbels of closely related CO-existing species Since species abundances are low, mate location for amphimictically reproducing species can imposc an important metabolic cost on the organism However, there ale no indications that parthenogenesis is important In deep-sea nematodes
INTRODUCTION
The discovery in the late 1960s of an astonishingly high diversity of small-bodied animals in the deep sea was a theoretically important and unexpected finding, and as a consequence the previously held view of an impoverished deep-sea fauna had to be abandoned (Hessler & Sanders 1967 , Sanders & Hessler 1969 , Rex 1981 . Many authors have since documented high deep-sea diversity in different animal groups. Within the meiofauna, high species diversity was reported by Coull (1972) and Thistle (1983) for harpacticoids; by Tietjen (1976 Tietjen ( , 1984 Tietjen ( , 1989 , Vitiello (1976) , Vivier (1978) , Dinet & Vivier (1979) , Rutgers van der Loeff & Lavaleye (1986) and Jensen (1988) for nematodes; and by Gooday (1986) for foraminiferans. Nevertheless, it is very difficult to compare diversities between different areas. This is because, firstly, a wide variety of diversity indices has been used, with varying sensitivity to the more common or rare species; secondly, many indices are sensitive to the number of sample organisms (Sanders 1968 , Heip et al. 1988 , Soetaert & Heip 1990 .
The Mediterranean bathyal is usually considered an impoverished area, in terms of both biomass and species richness, compared to other deep-sea areas (Peres 1985) . However, these generallsations are based O Inter-Research/Printed in Germany on the macrofauna and megafauna, since only scattered information on the meiofauna exists. In the present paper nematode diversity along a Mediterranean deep-sea transect is compared with the diversity of other deep-sea assemblages, calculated from standardized data from the literature. We examine whether nematode species diversity in the deep Mediterranean is significantly different from that in other deep-sea areas.
MATERIAL AND METHODS
The sampling area was a transect of stations at depths ranging from 160 to 1220 m in the Ligurian Sea (western Mediterranean), northwest of the Bay of Calvi, Corsica [see Soetaert & Heip (1989) for coordinates and sampling methods]. At each station, 2 cores (10 cm2) were taken from single Reineck box-core samples. Each core was horizontally subdivided into two 0.5 cm thick (upper layer) and four 1 cm thick (remaining sediment column to 5 cm depth) slices. All nematodes encountered in each sediment slice were identified, except for those from the shallowest station (160 m); for this station, in slices with more thail 100 nematodes, 100 nematodes were selected at randoin and identified. In total, 391 nematodes (out of 468) were identified in the first core and 329 (out of 569) were identified in the second core. This was taken into account when constructing species lists for the entire sediment column.
Species richness was measured in 2 ways: (1) The number of species in the sample. As all nematodes were identified (except at 160 m depth), this equals the number of species per unit area (10 cm2), i.e. 'species density' (Simpson 1964) . (2) The expected number of species among 100 individuals, E(Sloo), calculated following Hurlbert (197 1) .
Heterogeneity (sensu Peet 1974) was measured using Hill's diversity numbers (Hill 1973) of order 0, 1, 2 and m , as recommended by Heip et al. (1988) . These numbers are: No = number of species; NI = exp H / ln2, where H' = -X p , log2 pi (Shannon-Wiener index, expressed in bits per individual); N2 = l/SI, where S1 = Xpi2 (Simpon's index) and pi = relative abundance of the i-th species; N, = l / p l , where p, = relative abundance of the most abundant species. Hill's numbers are variably sensitive to changes in the rare and common species, with the lower-order numbers giving more weight to the rarer species and the higher-order numbers giving more weight to the more common species. Thus, by using Hill's numbers of varying orders, a good estimate is obtained of the importance of rare and common species in structuring the community.
A visual representation of diversity was provided by species-abundance distributions (plotting the number or percentage of species, present with r individuals, against r) and k-dominance curves (Lambshead et al. 1983 ). In the latter curves, the percentage abundance of each species, ranked in decreasing order of dominance, is plotted cumulatively. Lambshead et al. (1983) noted that, whenever 2 k-dominance curves do not intersect, all diversity indices yield a higher diversity for the sample represented by the lower curve. However, when curves do intersect, the assemblage which is taken to be the more diverse depends on the diversity index chosen.
Total diversity was compartmentalized hierarchically into a higher (i.e. generic) and a lower (i e , specific) component. Pielou (1969) showed that the ShannonWiener diversity index H' can be subdivided as Ht = 4 t K g , where H', = total diversity; 4 = betweengenera diversity; and H',.g = average within-genus diversity. Routledge (1979) generalized the hierarchical subdivision and showed that only diversity indices belonging to Hill's family can b e consistently subdivided. Total diversity is calculated as the product of the group diversity (i.e. between-genera) and the (weighted) average diversity within groups (genera). For each station along the transect and deeper than 200 m, 200 different nematodes were drawn from the total pool by means of computer-generated pseudorandom numbers. This was repeated 10 times, and each diversity index calculated from each random draw.
To facilitate comparison of diversities observed in the transect with diversity values from other areas, we calculated ,!?(Sloo) and Hlll's diversity numbers of order 0, 1, 2 and from species-abundance data obtained from the literature, for which the number of individuals was also standardized to 200. Vitiello (1976) , in a study of 2 Mediterranean canyons (310 to 650 m depth), identified exactly 200 individuals from each sample. The data of Dinet & Vivier (1979) , who analysed 185 to 217 individuals from deep stations in the Bay of Biscay (Golfe de Gascogne, 2122 to 4713 m depth), were used unchanged. The data provided by Vivier (1978) from a Mediterranean canyon required special treatment, as they consisted of relative abundances and were not based on 200 identified individuals. Only stations deeper than 200 m were considered, in order to exclude 'shelf' stations. One data set was based on 188 individuals and was used as such. Two other stations had a sample size larger than 200 individuals. These data were treated as follows: first, absolute abundances were calculated; next, cumulative abundances were calculated and stored in an array. Then 200 different pseudo-random numbers, between 1 and the total number of individuals in the sample, were generated by computer. By comparing each of these numbers with the numbers in the array, each number could be assigned to a species. This proces of subsampling was repeated 10 times, and diversity indices were calculated for each subsample. Depth of the 3 stations considered varied from 245 to 485 m.
RESULTS

Transect data
Data concerning sediment composition and the abundance of nematodes and other meiofauna are given in Soetaert Pc Heip (198.9) and Soetaert et al. (in press) .
Diversity values were very high (Table 1 , Fig. 1 ): the tota! number of species per 10 cm2 (i.e. 'species density') varied from 101 (1220 m) to 148 (280 m); the expected number of species per 100 individuals varied from 50.5 to 62.9, and the Shannon-Wiener diversity index per 10 cm2 varied from 5.7 to 6.5 bits ind.-l.
There was no clear trend in diversity with station depth (Fig. 1) . The highest values were found at 280 m (all indices). Diversity at the station located on the continental shelf (160 m) was not lower than that at the upper continental slope. Vertical distribution of diversity within the sediment is represented by means of a k-dominance plot in Fig.  2 . The highest diversity (lowest curve in the k-dominance plot) was found in the upper 1 cm of the sediment (280 to 1220 m depth). At 3 stations (530, 820 and 1220 m depth), the 0 to 0.5 cm sediment slice exhibited higher diversity than did all other sediment horizons. At the other 3 stations (160, 280 and 990 m depth) it was not clear which sediment layer had the highest diversity, as the k-dominance curves of the 0 to 0.5 cm layer intersect with the k-dominance curve of the 0.5 to 1.0 cm layer, and so the various indices give contrary results.
In the stations at 160, 280, 530 and 990 m depth, the lowest diversity (upper curve in the k-dominance plot) was found in the deepest sediment layer (2 to 5 cm). At 1220 m this was not obvious, as the k-dominance heavy dasheddots, 1 to 2 cm; long dashes, 2 to 5 cm Table 2 ). The expected number of species per 100 individuals varied from 36 to 75; H' varied from 4.9 to 6.8 bits ind.-' (based on 200 individuals).
Except for No, the diversity values, based on data from Vivier (1978) were significantly higher (MannWhitney test) than those obtained from the data of Vitiello (1976) , although both studies were undertaken in the same area (Fig. 3) . As it was our intention to test whether diversity in the Mediterranean deep sea is significantly lower than at non-Mediterranean deepsea sites, we used only diversity values based on our study and on that of Vivier (1978) , as these were the highest available. These values were combined for the Mediterranean sites and compared with those from the Bay of Biscay sites by means of a Mann-Whitney U-test.
All diversity indices from the Mediterranean had significantly lower values than those from the Bay of Biscay ( Fig. 3 ; E(Sloo): p < 0.005; No: p = 0.01; N I : 0.001 < p < 0.005; N2 and N,: p = 0.001). This difference was especially apparent when the more common species were emphasized (using H~l l ' s higher-order Hierarchical subdivision of diversity Diversity calculated on the genus level was very high: 60 to 80 different genera per 20 cm2 (2 cores combined) were present, while on average only 2.2 to 2.9 species genus-' were present. E(Gloo), the expected number of genera per 100 individuals, varied from 33 to 40 (Table 3) . Of the total Shannon-Wiener diversity, 76 to 83 O h couId be explained on the genus level; similarly, Hill's diversity numbers, calculated on the genus level, were very high compared with the average diversity within genera (Table 3) .
In the other studies (normalized to 200 individuals), H', accounted for 61 to 86 % of H,; E(Gloo) varied from 22 to 38, and the average number of species per genus was 5 3 (Table 2 ).
Species abundance
Species in the transect were found primarily (40 to 47 O h ) in densities of 1 ind. per 20 cm2, except at the shallowest station (23 %) (Fig. 4) . These very low values 
DISCUSSION
Nematode diversity did not exhibit any clear correlation with station depth in the studied transect; even the continental shelf station at 160 m depth did not have a lower diversity. Heip & Decraemer (1974) found that nematode species diversity was positively correlated with median grain size and negatively correlated with silt-clay content of the sediment. They ascribed this to the wider range of microhabitats available for meiofauna in sandy compared to muddy sediments. This may explain the high diversity at 160 m depth, which is the sandiest station.
The decreasing diversity with increasing depth into the sediment may have been due to more favourable conditions at superficial layers (less compact, more food), enabling more species to coexist. Soetaert & Heip (1989) showed that smaller individuals, with their lower mobility, were preferentially found in the upper sediment layers, and attributed this to the inability of these organisms to penetrate into the deeper layers of the sediment. Similarly, Gooday (1986) showed that species richness among meiofaunal foraminiferans decreased with increasing sediment depth.
Diversity in the Mediterranean deep sea is lower than in the Atlantic, although comparison remains difficult. It should be kept in mind that replication is on the subcore and not on the box-corer level. Hence, variability in diversity indices (see Table 1 ) reflects spatial variability on the scale of centimeters. Our sampling design in fact does not properly replicate depth (due to logistical constraints), which limits the power of statistical analysis. Moreover, the stations studied in the Bay of Biscay were at depths ranging from 2122 to 4712 m while the Mediterranean stations were much shallower (245 to 1220 m depth). However, depth in itself probably does not explain these differences in diversity, since no relationship exists between station depth and diversity in either area. Taxonomic expertise may be another factor, since most of the diversity differences were at the species level (Table 2) , where there is more opportunity for divergence between specialists. However, the literature data we used to compare the 2 areas are based on results from the same taxonomist. Lower diversity of other assemblages in the ~Mediterranean is usually explained by the Mediterranean's relatively young age (Messinian salinity crisis), and by the presence of a colonisation barrier formed by the Gibraltar sill and the presently existing subsurface outflow towards the Atlantic Ocean. Moreover, organisms which are able to overcome this barrier may not be able to survive, owing to the high temperature (13°C) of the Mediterranean deep sea (Peres 1985) .
The Shannon-Wiener diversity index given by Rutgers van der Loeff & Lavaleye (1986) for the NE Atlantic ranges from 5.1 to 5.7 bits ind.-l, but the numbers of individuals determined are not reported, making comparison difficult. Values reported by Tietjen (1971 Tietjen ( , 1976 Tietjen ( , 1984 Tietjen ( , 1989 and Jensen (1988) for the ShannonWiener diversity index are also difficult to compare, since neither the base of logarithm nor the number of individuals is given.
The E(SIoo) values reported for copepods in the HEBBLE site (NW Atlantic) and San Diego Trough (Thistle 1983 ) ranged from 43.4 to 50.8, which is slightly lower than the values calculated for nematodes in our (Mediterranean) study. In addition, the nematode fauna at the HEBBLE site was studied by Thistle & Sherman (1985) . Some species belonging to the genera Theristus and Acantholairnus were relatively dominant, indicating that nematode diversity in this high-energy area probably is not high. Gooday (1986) found hlgh diversity values for meiofauna1 foraminiferans from the bathyal Porcupine Seabight, which with respect to number of species (95 to 124 per 3.46 cm2) were in the same range as or even higher than nematode diversities reported in the present study. About half of the species were represented by single specimens (per 3.46 cm2), and 11 to 19 % by 2 specimens. Shannon-Wiener diversity indices are given but were calculated for a variable number of individuals, and the base of the logarithm is not reported.
In all deep-sea studies considered here, the diversity between genera was much higher than the average diversity within genera. The high overall diversity therefore does not imply that many closely related species coexist in the deep sea.
The very low species density has some important implications for individual organisms. If organisms are randomly distributed with average density D, the expected (or mean) distance between nearest neighbours (rE) can be calculated as: (Clark & Evans 1954) . Thus, an abundance of 1 ind. per 20 cm2 implies that the expected distance to the nearest conspecific is 2.2 cm. Wilson & Hessler (1987) noted that the average species population density of macrofauna in an abyssal area in the Equatorial Pacific was 0.58 ind. m-2. They subsequently calculated that, on average, a 1 mm long individual would be separated from another one by ca 1318 body lengths (this calculation probably implies a regular distribution pattern, in which every individual has 4 nearest neighbors; the distance to one of these neighbors is then l / f l~, or 1.31 m). When applying the formula of Clark & Evans (1954) , the expected distance to nearest neighbours becomes 0.675 m, or ca 657 body lengths, which is still an impressive figure.
For organisms ca 0.5 mm long (Soetaert & Heip 1989 )' the same calculation yields an inter-individual distance of about 44 times body length. For amphimictically reproducing organisms, it is necessary that 2 individuals of opposite sex encounter each other. If we assume that approximately half of all individuals are adults and that the sex ratio is 1 : 1, then only 1 out of 4 encountered conspecifics is available for mating. Some nematode species are known to produce pheromones (Samoiloff et al. 1974 , Green 1980 , Jensen 1982 ; however, certain factors reduce the probability of chemical attraction within the sediment over large distances: (1) the impermeability of deep-sea clay and hence low diffusion rate of chemical substances, and (2) the presence of a multitude of species in a relatively small area, with each species having its own attractant. It therefore seems unlikely that individuals can detect one another at such great distances (i.e. > 4 4 body lengths), implying that randomness must play an important role in mate detection. This further increases the distance organisms must travel to encounter their mates. Thus, mate detection would impose an important metabolic cost on the organisms if their distribution were random, and so random spatial distribution of species seems unlikely, since conservation of energy is considered to be the major structuring force in the deep sea. It has been established, for example, that deep-sea harpacticoids are non-randomly distributed on a scale of centimetres (Eckman & Thistle 1988) .
On the other hand, it is not known whether all or even most species reproduce amphimictically, and parthenogenesis is common among opportunistic shallow-water species (see Heip et al. 1985 for review). Opportunistic deep-sea species have been reported by Bovee (1987) from a canyon in the Mediterranean, and Gooday (1986) observed that certain meiofaunal foraminiferans reacted opportunistically to freshly deposited detritus. In the present study, the overall sex ratio varied between 33 and 44 % males in the adult population, displaying no clear trend with depth, and as an average this is far too high to ascribe an important role to parthenogenesis.
